Obscurin/obscurin-MLCK is a giant sarcomere-associated protein with multiple isoforms whose interactions with titin and small ankyrin-1 suggest that it has an important role in myofibril assembly, structural support, and the sarcomeric alignment of the sarcoplasmic reticulum. In this study, we characterized the zebrafish orthologue of obscurin and examined its role in striated myofibril assembly. Zebrafish obscurin was expressed in the somites and central nervous system by 24 hours post-fertilization (hpf) and in the heart by 48 hpf. Depletion of obscurin using two independent morpholino antisense oligonucleotides resulted in diminished numbers and marked disarray of skeletal myofibrils, impaired lateral alignment of adjacent myofibrils, disorganization of the sarcoplasmic reticulum, somite segmentation defects, and abnormalities of cardiac structure and function. This is the first demonstration that obscurin is required for vertebrate cardiac and skeletal muscle development. The diminished capacity to generate and organize new myofibrils in response to obscurin depletion suggests that it may have a vital role in the causation of or adaptation to cardiac and skeletal myopathies.
INTRODUCTION
Obscurin/obscurin-MLCK is a recently identified giant protein that, in adult mammals, is predominantly expressed in striated muscle (Young et al., 2001; Bang et al., 2001; Russell et al., 2002) . Through alternative splicing and at least two translation initiation and termination sites, multiple obscurin isoforms can be expressed (Russell et al., 2002) (Fig. 1) . The most widely studied isoform, identified as obscurin, was originally characterized by Young et al. (2001) and encodes for at least 67 tandemly arranged immunoglobulin domains as well as 2 fibronectin, a calcium/calmodulin-binding, a Rho guanine nucleotide exchange factor (GEF), and an ankyrin binding (Kontrogianni-Konstantopoulos et al., 2003; Bagnato et al., 2003) domain(s) . A second giant isoform encodes for all of these domains except for the ankyrin-binding domain and instead has two tandemly arranged carboxy terminal serinethreonine kinase domains related to myosin light chain kinase (MLCK) (Russell et al., 2002) . Obscurin-MLCK appears to be the vertebrate orthologue of Unc-89 (Sutter et al., 2004) , a 732-kD sarcomeric protein that was first characterized in Caenorhabditis elegans (Benian et al., 1996) . In nematodes with a mutation of Unc-89, the myosin thick filaments are highly disorganized and lack an M-band in most mutant alleles (Waterston et al., In vertebrates, much of the work to date has focused on the functions of the obscurin isoform. In mature myocytes, this isoform localizes to both the Z band, the lattice that supports the actin thin filament array, and the M band, the center of the myosin thick filament assembly (KontrogianniKonstantopoulos et al., 2003; Bagnato et al., 2003; Borisov et al., 2003) . Its expression is increased in animals exposed to aortic constriction and its cellular localization is concentrated at sites of new myofibril assembly (Borisov et al., 2003) . Based on these studies and its similarity to Unc-89, obscurin has been proposed to have an important role in the assembly of new myofibrils. Recently, this was supported using in vitro models of cardiac (Borisov et al., , 2006 and skeletal muscle myofibrillogenesis. Inhibition of obscurin expression by small interfering RNA expression (Borisov et al., 2006) or overexpression of part of the COOH-terminus of obscurin resulted in an inability to incorporate myosin into the myofibrillar array. Furthermore, gradual cellular depletion of obscurin was associated with the progressive instability of previously assembled myofibrils and an inability to advance past the initial stages of new myofibril assembly (Borisov et al., 2006) .
While in vitro studies have suggested that obscurin plays a vital role in vertebrate striated muscle development, the in vivo effects of gene loss have not been examined. Therefore, in this study, obscurin expression was depleted in developing zebrafish embryos using morpholino antisense inhibition. The zebrafish is an increasingly utilized model in the study of vertebrate cardiac and skeletal muscle development due to the similarities of these processes with those in higher vertebrates and the accessibility of the developing embryo (Yelon, 2001; Costa et al., 2002) . Morpholino antisense inhibition of obscurin expression allowed the level of depletion to be varied to reveal a range of developmental defects depending on the level of inhibition. Increasing levels of obscurin inhibition were associated with progressive abnormalities of myofibril assembly and somite architecture. Even low dose morpholino injection resulted in decreased numbers and impaired organization of mature myofibrils, a disruption of somite boundaries, and abnormalities of cardiac structure and function. This study is the first to demonstrate a requirement for obscurin in normal vertebrate striated muscle development in vivo. Furthermore, the findings support an important role for obscurin in patterning higher-order muscle structure and, in coordination with other cytoskeletal elements, in stabilizing cellcell and/or cell-matrix interactions.
RESULTS

Characterization of Zebrafish Orthologues of Obscurin/ Obscurin-MLCK
In preparation for the morpholino studies, BLAST sequence similarity (tblastn) searches (http://www.ensembl. org/Multi/blastview?speciesϭDanio_ rerio), using the human obscurin/obscurin-MLCK amino acid sequence as a probe, were performed to determine the number and composition of the zebrafish orthologues of the obscurin/obscurin-MLCK gene. Putative coding sequences corresponding to obscurin/ obscurin-MLCK were identified and localized to two different contiguous genomic DNA sequences (GenBank ID: CR792456 and GenBank IDs: AL844185 and CR394562) using BLAST similarity search (blastn). The genomic sequences AL844185 and CR394562 were determined to overlap and represent a single contiguous genomic sequence. The two genomic contiguous sequences, CR792456 and AL844185/CR394562, have been mapped to zebrafish chromosomes 24 and 8, respectively (http://www.ensembl.org/Danio_ rerio).
The genomic DNA sequences were scanned for putative coding sequences using GENSCAN and composite cDNA sequences were assembled for each. The protein predicted to be encoded by the chromosome 24 sequence was similar in size and composition to the obscurin isoform of obscurin/obscurin-MLCK (Young et al., 2001 ) and was, therefore, labeled the zebrafish obscurin gene. Like mammalian obscurin, it contains a conserved motif (EETITTVVK) and more carboxy terminal sequences that have been shown to mediate binding to ankyrin (Kontrogianni-Konstantopoulos et al., 2003; Bagnato et al., 2003) , indicating that ankyrin binding is likely to be an important and conserved function of zebrafish obscurin (Fig. 1C) .
The zebrafish orthologue of obscurin/ obscurin-MLCK, which mapped to chromosome 8, is predicted to be similar in size and composition to the giant isoform of obscurin-MLCK and has been labeled obscurin-MLCK to distinguish it from the zebrafish obscurin gene locus. Phylogenetic analysis of the Rho-GEF domains of the zebrafish obscurin and obscurin-MLCK genes supports the assertion that these coorthologues duplicated and diverged after evolution of the common ancestor shared with higher vertebrates (Fig. 1B) .
Expression of Obscurin and Obscurin-MLCK in Zebrafish Embryos
Reverse transcriptase primed PCR (RT-PCR) was used to amplify a portion of the 5Ј end of the zebrafish obscurin gene from mRNA at multiple stages of development. Expression of obscurin in whole embryo mRNA preparations was noted by 22 hr postfertilization (hpf). The level of expression appeared to steadily increase as development proceeded, reaching a peak at approximately 24 -48 hpf, with expression persisting into adulthood ( Fig. 2A) .
Obscurin mRNA expression was observed diffusely throughout the embryo at a low level by whole mount RNA in situ hybridization using a probe from the 5Ј end of the gene (data not shown). A similar RNA expression pattern was noted by Thisse et al. (2004) (direct submission to the ZFin database) with a probe to the ankyrin binding domain at the 3Ј end of the zebrafish obscurin transcript (see immunostaining of Zfin accession number CK679022 at http:// zfin.org/cgi-bin/webdriver?MIvalϭ aa-fxallfigures.apg&OIDϭZDB-PUB-040907-1&fxallfig_probe_zdb_idϭZDB-EST-041111-135). This pattern of RNA expression is consistent with a strong role of post-transcriptional regulation in determining the tissue abundance of obscurin. Therefore, antibodies recognizing different obscurin and obscurin- (dm) and Caenorhabditis elegans (ce) Unc89 proteins and from the zebrafish (dr), pufferfish (tn), chick (gg), mouse (mm), and human (hs) obscurin (Ob) and obscurin-MLCK (ObMLCK) proteins were aligned using the Clustal-W method. Note the close relationship of the corresponding domains from the zebrafish and pufferfish obscurin and obscurin-MLCK genes, supporting duplication and divergence of the obscurin-MLCK gene in ray finned fishes (boxed in yellow). C: Alignment of the ankyrin binding region from the human (hsOb) and zebrafish (drOb) obscurin genes. Note the precise conservation of the putative core binding motif (boxed in yellow).
MLCK epitopes were used to examine their tissue and cellular distribution during development. Five antibodies were used in these studies (see Fig. 1A ): Rho, a polyclonal antibody that recognizes the RhoGEF domain of both the obscurin and obscurin-gMLCK isoforms; SKII, a polyclonal antibody recognizing the amino MLCK domain of obscurin-MLCK; link7, a polyclonal antibody that recognizes epitopes in the carboxy terminal kinase domain and, therefore, detects all of the human kinase-containing isoforms; Ank, a polyclonal antibody recognizing the ankyrin binding domain of obscurin (Kontrogianni-Konstantopoulos et al., 2003) ; and 4A8, a monoclonal antibody recognizing an epitope in the amino terminus of obscurin. All antibodies detect the human, mouse, and rat orthologues of obscurin and/or obscurin-MLCK (data not shown). Using whole mount antibody in situ hybridization, each antibody demonstrated nearly identical tissue distribution patterns during development ( Fig. 2B and data not shown). Immunostaining for both obscurin (Rho, Ank, and 4A8 antibodies) and obscurin-MLCK (Rho, SKII, and Link7) was noted in the central nervous system and developing somites by 24 hpf. By 48 hpf, expression could also be detected in the heart tube.
The immunolocalization patterns also demonstrated similar but distinct cellular distribution patterns of obscurin and obscurin-MLCK during development. At the onset of myofibrillogenesis, both localized diffusely along newly assembled myofibrils with some organization overlying the Z and M bands (Fig. 3A-D) . In more mature myofibrils at 72 hpf, obscurin became more concentrated at the M band (Fig. 3E,F) and obscurin-MLCK at the Z band (Fig. 3G,H) . This pattern of sarcomeric localization of obscurin during striated muscle differentiation in zebrafish is consistent with that previously noted in chick cardiac explants (Young et al., 2001) , in remodeling rat cardiac myocytes in primary culture (Borisov et al., 2003 and differentiating C2C12 myoblasts . This is the first localization of the vertebrate obscurin-MLCK isoforms during development and is consistent with that noted in rat cardiac myocytes (Russell et al.; unpublished data) .
Effect of Obscurin Inhibition on Striated Muscle Development
The patterns of tissue expression and cellular distribution during development suggest that both zebrafish obscurin and obscurin-MLCK have central roles in vertebrate cardiac and skeletal muscle development. Given the proposed direct involvement of the COOH-terminus of obscurin in myofibril assembly, this isoform was specifically targeted for depletion using antisense morpholino injections. Antisense morpholinos directed at the 5Ј untranslated region (MO2) and transcription start site (MO1) of the zebrafish obscurin gene were designed and injected into zebrafish embryos at the 1-4 cell stage. Immunostaining with antibody recognizing the obscurin RhoGEF domain (Rho) demonstrated a reduction in obscurin expression (Fig. 4C ). The level of inhibition appeared to be dose dependent with more severely affected embryos demonstrating less obscurin immunostaining than more mildly affected ones using identical reaction conditions (data not shown).
Both morpholinos resulted in very similar phenotypic effects (Fig. 4B) . Increasing antisense morpholino dosages were associated with a progressive compromise of striated muscle development, increased curvature and/or growth failure of the tail, increased disruption of the somite boundaries, and more severe cardiac hypoplasia (Fig. 4A ,B, and data not shown). At a dose of 6 ng of MO2 and 12 ng of MO1, 84 and 85% of injected embryos, respectively, demonstrated irregular somite boundaries and a decreased number of skeletal myofibrils while approximately 54 and 44%, respectively, also demonstrated cardiac hypoplasia and pericardia edema. Injection of 3 ng of MO2 was associated with a similar incidence of cardiac and skeletal muscle abnormalities, 55 and 85%, respectively, but diminished severity, including better formed somite boundaries, an increased number of skeletal myofibrils, and less growth impairment relative to the 6-ng dose. Embryo mortality at 72 hpf was Ͻ5% for the dosages of MO1 used in this study (6 and 12 ng) and was 0, 2, and 12% at dosages of 3, 6, and 12 ng of MO2, respectively. Injection of MOs containing 5 base pair mismatches to MO1 (CMO1: 12 ng) or MO2 (CMO2: 6 ng) did not result in any morphological defects (Fig. 4B ). Due to the specific, consistent abnormalities of striated muscle development and low incidence of embryo mortality observed with the injection of 3 or 6 ng of MO2, these dosages of MO2 were used in all subsequent studies.
Embryos injected with 3-6 ng of MO2 responded vigorously to initial stimulation although at rest they were somewhat less active than the control injected embryos at all timepoints. Morphant embryos examined at 72 hpf displayed fewer muscle fibers per somite and those myofibrils that did form were disparate and disorganized compared to those in control-injected embryos ( Fig. 5A .1,A.2). In many instances, elongated, irregular myofibrils extended beyond the somite boundary, often spanning the length of two somites (Figs. 5A.2, 6). These structures were not noted in any of the control-injected embryos (Nϭ12) but were noted in all embryos injected with 3 ng (Nϭ12) or 6 ng (Nϭ12) of MO2 that were examined by immunohistochemical or electron microscopic (EM) analysis. In all morphant embryos, Z band architecture of the individual sarcomeres was intact with normal patterns of ␣-actinin staining and Z band spacing, despite RT-PCR of total RNA from zebrafish embryos using primers from the 5Ј end of the obscurin/obscurin-MLCK gene. RNA samples were prepared from whole embryos 15, 22, 24, 36, 48, 60 , and 72 hr post-fertilization (hpf) and from adult zebrafish hearts. Expression is first noted in embryos approximately 22 hpf with expression persisting in the adult heart. B: Immunolocalization of obscurin/obscurin-MLCK expression using the link7 and Ank antibodies in zebrafish embryos at 48 hpf. Note the expression of obscurin and obscurin-MLCK in the heart ( ∧ ) and skeletal muscle (arrows and inset, far right). Immunolocalization of myosin (MF20 antibody), which decorates the A bands of striated muscle, is shown for comparison. Note that, unlike myosin, both obscurin and obscurin-MLCK are also expressed in non-muscle tissues, including the central nervous system (*), at this stage in development.
the abnormal myofibril morphology ( Fig. 5A.2 5A.6,A.8) particularly at the 6-ng dose. M bands were noted to be consistently present by electron microscopy (EM) at the 3-ng dosage ( Fig.  5B. 2) of MO2 and present in the vast majority of myofibrils even at the 6-ng dosage. However, each embryo injected with 6 ng of MO2 and examined by EM (6 embryos) displayed occasional abnormalities of thick filament organization, including irregularity of the A/I junction, non-parallel thick filament alignment, and the loss of wellformed M bands (Fig. 5B.3 ). Both the regional variation in the degree of myofibril organization and obscurin M band localization may be due to regional differences in morpholino concentration and, therefore, in degree of obscurin depletion.
The most dramatic effects of mild obscurin depletion (3 ng dose of MO2) occurred not at the level of the sarcomere but at the integration of striated myofibrils into larger functional units. Specifically, lateral myofibril alignment was impaired in all MO2-injected embryos with the frequency of misaligned adjacent myofibrils increasing with increasing morpholino dose (Fig. 5C,D) . In response to 3-or 6-ng MO2 injection, there was noted to be more variable spacing between adjacent myofibrils with an inability to laterally align across the sarcoplasm. These irregularities of lateral alignment were associated with apparent disorganization of the sarcoplasmic reticulum and disruption of many of the triads, the organized arrangement of T-tubules and junctional SR around the Z bands in the embryonic skeletal muscle, due to myofibril misalignment.
Effect of Obscurin Inhibition on Somite Development
One of the more striking effects of obscurin depletion was the dose-dependant disruption of somite boundaries. In zebrafish, somites are separated from each other by the transverse myosepta and divided into ventral and dorsal compartments by the horizontal myoseptum (Holley and NussleinVolhard, 2000) . The myosepta are fibrous sheaths that are analogous in structure and function to tendons in that they transmit the force of muscular contractions from skeletal muscle to the bony skeleton to enable movement and locomotion (Holley and Nusslein-Volhard, 2000) . In all (Nϭ24) 3-and 6-ng MO2-injected embryos examined by immunostaining or EM, there was noted to be a global disruption of somite segmentation. Transverse myoseptae were irregular and incomplete and only rarely could remnants of the horizontal myoseptum be identified. In response to obscurin depletion, elongated myocytes extended past where somite boundaries should have been. Aberrant terminations of myofibrils were noted mid-somite and there was a marked variability in myofibril length with the majority of myofibrils being longer than expected ( Fig. 6A.2 ). These findings suggest that obscurin is a fundamental component of myoseptal formation, potentially facilitating the organization and anchorage of myofibrils to the extracellular matrix.
Effect of Obscurin Inhibition on Cardiac Development
The incidence and severity of the cardiac abnormalities was directly correlated with the morpholino dose in the MO1-and MO2-injected embryos. At the 3-ng dose of MO2, there was mild pericardial edema and mild ventricular hypoplasia in 54% of the embryos examined at 72 hpf. At the 6-ng dose of MO2, morphant embryos examined at 72 hpf demonstrated more marked pericardial edema and more severe ventricular hypoplasia than was observed at the 3-ng dose. Irrespective of the occurrence or absence of overt pericardial edema, embryos injected with 6 ng of MO2 had a slower average heart rate than controls [104 Ϯ 4 beats per minute (bpm) vs. 126 Ϯ 2 bpm; t-test, P Ͻ 0.01]. As with the skeletal myofibrils, cardiac myofibrils in morphant embryos demonstrated impaired alignment (3 and 6 ng MO2) and thick filament abnormalities (6 ng MO2) (e.g., "ragged" appearance of the A/I junction and indistinct M bands) (Fig. 7) .
DISCUSSION
Phylogeny
Identification of two zebrafish co-orthologues of the mammalian obscurin/obscurin-MLCK gene was not unexpected given the proposed genome duplication event that occurred in teleost fish after evolution of their common ancestor with higher vertebrates (Amores et al., 1998) . After duplication, there is often divergent evolution of the two zebrafish co-orthologues such that they acquire unique functions or differing patterns of expression (Postlethwait et al., 2004) . This appears to be the case for the zebrafish obscurin and obscurin-MLCK genes. In higher vertebrates and in C. el- 4 . Suppression of obscurin expression in MO2-treated embryos. A: Embryos injected with MO2 (MO2; 3 and 6 ng) or a control morpholino (CMO2; 6 ng) were examined at 72 hpf. Note that the morphant embryos are slightly shorter with diminished regularity and definition of the transverse myoseptae (Ͼ) and moderate pericardial edema (Ͻ). Most 72-hpf MO2-treated embryos demonstrated a looped but hypoplastic heart with a small, underdeveloped ventricular (v) chamber compared to control. B: Phenotypic effects of injection with MO1, MO2, or the corresponding control morpholinos, CMO1 and CMO2. Embryos were phenotyped at 72 hpf and categorized as having cardiac and/or somite defects. All embryos injected with control morpholinos at these dosages were morphologically normal. C: Suppression of obscurin expression in MO2-injected embryos (6-ng dose). MO2-injected 72-hpf embryos demonstrate reduced immunostaining for obscurin (Rho Ab) compared to controls using identical reaction conditions. The Z bands (Ͼ) of adjacent myofibrils do not align and the sarcoplasmic reticulum (*) appears disorganized, often lacking the well-ordered triads ( ∧ ) evident in the control embryos. At the higher morpholino dose, there was occasional disorganization of the thick filaments (ϩ) with irregularity of the M bands (Ͻ). C: Myofibril misalignment in control and morphant embryos. The percentage of myofibrils that were not aligned in register with the adjacent myofibril within the same myocyte was significantly greater in morphant than control embryos (*t-test; P Ͻ 0.01) and increased with increasing morpholino dose. D: Areas of myofibril disarray were clustered with some areas demonstrating high rates of misalignment. Note the staircase appearance of the Z bands (Ͼ) in the skeletal muscle of this 72-hpf embryo injected with 6 ng of MO2.
egans, isoforms of obscurin-MLCK and Unc-89 either containing or lacking kinase domains are generated from a single gene (Russell et al., 2002; Small et al., 2004) . In zebrafish, the two co-orthologues of obscurin/obscurin-MLCK have evolved such that one expresses only transcripts lacking the kinase and containing an ankyrin binding motif while the other expresses the kinase domains without the ankyrin binding motif.
The predicted composition of both zebrafish obscurin and obscurin-MLCK is highly similar to mammalian obscurin/obscurin-MLCK (Young et al., 2001; Russell et al., 2002 ) and all of the identified signaling domains and protein interaction sites appear to be conserved in one or both of the zebrafish genes. Furthermore, the zebrafish obscurin and obscurin-MLCK proteins accumulate in a spatially and temporally restricted pattern in the developing embryo that is highly similar to that noted for obscurin/obscurin-MLCK in the rodent (unpublished observations). These similarities between the zebrafish and mammalian obscurin genes strongly support the use of the zebrafish as a model to examine the roles of obscurin during vertebrate development.
Morphant Phenotype
To examine the role of obscurin in myofibrillogenesis during development, morpholino antisense nucleotides were used to diminish obscurin expression in zebrafish embryos. One of the limitations of using morpholino constructs to examine gene function is differentiating the potential non-specific toxic effects of the morpholino injection from the specific effects of the "knock-down" of target gene expression. This is usually accomplished by demonstrating that the injection of two independent morpholinos causes a similar phenotype that is not apparent in embryos injected with mismatch control morpholinos. Added assurance that the phenotype is specific can be accomplished by demonstrating that the morphant phenotype mimics that of a zebrafish line harboring a mutation of the gene being studied or can be rescued by reintroduc- 
Fig. 7. Cardiac abnormalities in morpholino-treated embryos. A-C:
Morphant embryos demonstrated a spectrum of cardiac defects that ranged from mild (B) to severe (C) ventricular (v) hypoplasia. The most severely affected embryos (6 ng of MO2) studied had tube-like hearts (C). A control 72-hpf embryo is shown for comparison (A). All cardiac defects were associated with mild to marked pericardial edema. D: The heart rate of the morphant embryos (6 ng of MO2) was significantly less than that of the control embryos (*t-test; P Ͻ 0.01). As with skeletal muscle, cardiac myofibrils in morphant embryos [3 ng (F) and 6 ng (G) of MO2] were poorly aligned and organized compared to those in control-injected embryos (E). Some M bands (Ͼ) are apparent in morphant embryos but are much more irregular than in control embryos.
tion of the knocked-down protein. In this study, the morphant phenotype was the same for two independent morpholinos and was not noted in control-injected embryos. However, no mutations of the obscurin gene have been identified in zebrafish and obscurin is too large to express using current approaches. Therefore, validation of the observed morphant phenotype must rely on the consistency of the observations with the previously described in vitro models of obscurin function and with the absence of similar findings in response to non-specific toxic effects of morpholino injection. In previous studies, a number of toxic effects of morpholinos have been reported (reviewed in Heasman, 2002) . These include widespread cell death (Braat et al., 2001; Lele et al., 2001) , neural degeneration (Nasevicius and Ekker, 2000; Karlen and Rebagliati, 2001) , and defects in epiboly (Imai and Talbot, 2001 ). While these non-specific reactions can affect the development of the notochord resulting in severely misshapen embryos with agenesis or hypoplasia of distal somites, in no instance have defects in somite organization or sarcomere structure been noted. The appearance of these abnormalities even in embryos with relatively mild phenotypic abnormalities (see Fig. 4A .2) suggests that they are specific for the effects of obscurin depletion and do not represent non-specific morpholino toxicity. Furthermore, the findings in this study support and extend those of prior in vitro models of obscurin function as described below.
Obscurin's Role in Myofibril Assembly and Alignment
Previous studies have proposed that obscurin has important functions in the new myofibril assembly and alignment (Borisov et al., 2003 (Borisov et al., , 2006 Kontrogianni-Konstantopoulos et al., 2004 . The morphant phenotype observed in the injected embryos supports and extends those assertions. The reduction in the number and organization of skeletal myofibrils in response to obscurin treatment indicates that obscurin is required for the assembly of new myofibrils in vivo during development. All myofibrils that did form in the morphant embryos contained obscurin suggesting that obscurin is absolutely required for myofibril assembly. That the amount of obscurin per myofibril was not dramatically different in the morphant and control embryos suggests that there may be a minimum number of obscurin molecules required to assemble each sarcomere and that, under normal conditions, obscurin concentration is fairly close to this lower limit. Given the potential energetic cost of producing such a large protein, this is not surprising and is consistent with the observation that obscurin depletion resulted in a reduction in the number of myofibrils rather than a dramatic reduction in the amount of obscurin per myofibril.
However, even a mild reduction in the amount of obscurin per myofibril was sufficient to produce morphologic abnormalities of myofibril structure. Myofibrils that did form were variable in length, often extending past the projected somite boundary, and were not correctly aligned relative to each other. This is consistent with our in vitro studies in which cardiac myocytes completely depleted of obscurin using RNAi-mediated inhibition were unable to generate new myofibrils and those that did form in the presence of limited obscurin displayed marked abnormalities of morphology and alignment (Borisov et al., 2006) . Taken together, these studies identify an important scaffolding function of obscurin in the myofibril assembly and alignment process both in vivo and in vitro.
The lateral alignment of adjacent myofibrils is recognized as a critical step in the organization of the sarcoplasmic reticulum, in the structural fixation of the myofibrils, and the subsequent coordinated and efficient transfer of contractile force to the extracellular matrix (reviewed in Bloch et al., 2002) . However, the mechanisms directing this alignment have been poorly understood. It was originally thought that desmin and the intermediate filament system might have an important role. While desmin has been demonstrated to participate in the structural support of the myofibril and the maintenance of lateral alignment, mice lacking desmin did not demonstrate widespread abnormalities of myofibril assembly or alignment during development (Milner et al., 1996) suggesting that other structural proteins might initiate the alignment process. This study and our previous work (Borisov et al., , 2006 indicates that obscurin is a critical initial regulator of the lateral alignment and organization of the myofibril, a process that is central to efficient striated muscle function.
There are apparent similarities between the somite and skeletal muscle defects noted in the obscurin morphant embryos in this study and those noted when the expression of the skeletal muscle isoform of titin was inhibited by antisense morpholinos. Although a detailed phenotype of the skeletal muscle titin morphant embryos was not presented, it is interesting that they were also noted to have defects in somite architecture (Xu et al., 2002) . Therefore, titin and obscurin may coordinately organize not only the sarcomere and the myofibril but higher-order muscle structures as well, in this case the myotome of the somite. Whether or not other sarcomeric proteins also participate in the organization of the somite is not yet known.
The defects of somite patterning noted in the obscurin morphant embryos are similar to those previously noted in zebrafish embryos depleted of periostin, an extracellular matrix protein proposed to have a role in the establishment of myotendinous junctions (Kudo et al., 2004) . The divisions between somites are composed of a sheet of extracellular matrix that includes periostin and other connective tissue proteins such as laminin, fibronectin, tenascin C, and type I collagen (Parsons et al., 2002) . This connective tissue appears to form as discontinuous islands of extracellular matrix that coalesce to form a nearly continuous sheath (Henry et al., 2000; Crawford et al., 2003) . In zebrafish, a single myocyte spans the length of the somite from one myosepta to the next. In zebrafish depleted of periostin using antisense morpholinos, there was disruption of the myosepta due to variable myofibril length with some myofibrils extending past the projected somite boundary. Furthermore, the number of myofibrils was diminished and the myofibrils that remained were disorganized and varied in width (Kudo et al., 2004) . This is remarkably similar to the abnormalities noted in the obscurin morphant embryos and suggests an indirect coordination between periostin and obscurin in organizing myofibrillar structure and anchoring the myofibril to the extracellular matrix.
The link between obscurin, an intracellular cytoskeletal protein, and components of the extracellular matrix may involve focal adhesion complexes that have been postulated to mediate somite boundary formation (Henry et al., 2001; Crawford et al., 2003) . The invertebrate orthologue of obscurin, Unc-89, has been demonstrated to participate in the formation of integrin adhesion complexes, mediating the organization and attachment of myofilaments to these complexes at the M band through its interaction with actopaxin (Lin et al., 2003) . Recently, it has been demonstrated that organization of fibronectin within the somite boundary by integrin alpha5 is required for proper epithelialization and boundary maintenance (Koshida et al., 2005) . It is possible, therefore, that like its invertebrate orthologue, Unc-89, obscurin participates in the linkage of myofibrils to the extracellular matrix through integrin adhesion complexes and that disruption of this linkage affects the stability and organization of the somite boundaries and myofibril architecture.
Parallels to Human Disease
These studies indicate a critical role of obscurin in new myofibril assembly and alignment in vivo. The parallels between the obscurin and skeletal musclespecific titin morphant embryos support a coordinate function of these two giant proteins in the scaffolding and organization of new myofibrils and the establishment of higher-order muscle structures. Titin and other proteins with similarly critical roles in the assembly and structural support of striated myofibrils including actin, myosin, ␣-actinin, and desmin, have been invariably determined to be responsible for the causation of cardiac and/or skeletal myopathies (Morita et al., 2005) . Indeed, the phenotype of the obscurin morphant embryos recapitulates many of the features of myopathic disorders in that, in response to obscurin depletion, there is a marked reduction in the number and organization of muscle fibers.
Given the findings of this study and previous studies, we would anticipate that human mutations of obscurin would also result in a myopathic phenotype. To date, no mutations in the human obscurin gene have been identified. However, multiple myopathies have been mapped to the region on human chromosome 1 (1q42) that encodes for obscurin. While some of these disorders have been determined to be secondary to mutations of cardiac actin, ␣-actinin, or the cardiac ryanodine receptor, all of which map to this "cardiac-rich" region, the genetic cause of at least one 1q42-mapped myopathy, congenital muscular dystrophy type 1B, has not yet been characterized (Brockington et al., 2000) . Given the phenotype of the obscurin morphant embryos in this study, we would anticipate that thorough screening of individuals and families with cardiac or skeletal myopathies would uncover cases attributable to defects in obscurin.
EXPERIMENTAL PROCEDURES
Zebrafish Maintenance and Breeding
Zebrafish were maintained and bred and zebrafish embryos were staged as previously described (Westerfield, 1995) . Collected embryos were maintained in egg water (0.006% Instant Ocean in distilled water) with 2 parts per million methylene blue at 28.5°C. Embryo age was defined as hours post fertilization (hpf). Experiments were performed using the wild-type EK strain. Embryo medium was supplemented with 0.003% 1-phenyl-2-thiourea (Sigma, St. Louis, MO) at 24 hpf to prevent pigment formation. Embryos less than 72 hpf were dechorionated with 2 mg/ml pronase in phosphate-buffered saline (PBS).
Partial Cloning of the Zebrafish Obscurin and Obscurin-MLCK genes
Cloning of the obscurin-MLCK kinase and Rho guanine nucleotide exchange factor domains were reported previously (Sutter et al., 2004) . Additional coding sequence was derived using GENSCAN analysis (http://genes.mit. edu/GENSCAN.html) of the zebrafish genomic DNA sequence to generate PCR primers that were used to amplify the cDNA sequence from adult zebrafish RNA as was described for the cloning of the human obscurin-MLCK (Russell et al., 2002) . A partial sequence has been deposited in GenBank (accession number: NM_001003849). The remainder of the proposed zebrafish obscurin-MLCK sequence was determined using BLASTN (http:// www.ncbi.nlm.nih.gov/BLAST) sequence similarity search to construct the genomic DNA sequence encompassing the zebrafish obscurin-MLCK gene. This sequence was searched for putative coding regions using GENSCAN.
During the characterization of the zebrafish obscurin-MLCK gene, a second co-orthologue of obscurin/obscurin-MLCK was identified. The translation initiation codon for the zebrafish obscurin gene was identified by BLAST algorithm (tblastn) sequence homology search of the zebrafish EST database using the corresponding human obscurin amino acid sequence as a probe. The identified zebrafish EST sequences were used to identify the corresponding genomic DNA sequence by BLAST homology search as described above. This genomic DNA sequence was searched for potential coding regions using GENSCAN and a composite obscurin coding sequence constructed.
Phylogenetic Analysis
Amino acid sequences of the RhoGEF domains from the zebrafish (AY603753.1: AA 1-280), pufferfish (CAG08043: AA 4051-4450), chicken (XP_418501: AA 8428-8800), mouse (BC060226.1: AA 744-1811), and human obscurin-MLCK (CAI19285: AA 5697-6008); the zebrafish (AAH91815: AA 214-520) and pufferfish (CAF98444: AA 1891-2260) obscurin; and the C. elegans (NP_001020984: AA 153-500) and D. melanogaster (DQ431841: AA 1-280) Unc-89 proteins, were aligned using the Clustal-W alignment algorithm of the DNASTAR program (DNASTAR Inc., Madison, WI). The corresponding domain from the human Trio (AAH60724: AA 826-1200) protein was used as a reference for the phylogenetic tree.
Morpholino Oligonucleotide Microinjection
Obscurin morpholino antisense oligonucleotides targeting the translation initiation site (MO1) and 5ЈUTR (MO2) or a control morpholino (5 base pair mismatch to MO1 or MO2) were designed by GENE TOOLS, LLC (Philomath, OR). Sequences were as follows: Obscurin antisense MO1, 5Ј-CCGCCAAATAGATTCT-GATCCAT-3Ј; Control MO1, 5Ј-CTgCGgCAAATAcATTCTcATCgAT-3Ј; Obscurin antisense MO2, 5Ј-TGCT-GCTTTCTTTCCCCCCTCAAAT-3Ј; Control MO2, 5Ј-TcCTcCTTTgTTTgCCCgCTgAAAT-3Ј (lowercase letters indicate base changes from the antisense oligos). MOs were dissolved to a stock concentration of 4 mM in 30% Danieau Solution, and diluted to 1.5, 3, or 6 ng/nl. Two microliters of diluted morpholino was injected into 1-4-cell-stage embryos using a pneumatic picopump (World Precision Instruments).
RNA Isolation and RT-PCR
To determine the onset of obscurin-MLCK expression, total RNA was isolated from uninjected embryos at 15, 22, 24, 36, 48, 60 , and 72 hpf stages using SV Total RNA Isolation System (Promega, Madison, WI). RNA concentration and purity was determined by optical density reading at 260 nm and the ratio of 260/280 nm absorbance, respectively. A total of 0.6 g RNA was used in a 25-l reaction volume to synthesize cDNA using Access RT-PCR kit (Promega Inc.). A fragment of 5ЈUTR region of zebrafish obscurin cDNA was amplified by PCR (forward primer, 5Ј-CAGTTCGCGGAATTTAC-CTG; reverse primer, 5Ј-TGCTTTC-TTTCCTCCCTCAA). As a control, the reaction was performed without AMV reverse transcriptase.
Generation of Obscurin-MLCK Antibodies
Obscurin-terminal MLCK antibody.
A 580-bp cDNA encoding for most of the terminal kinase domain of human obscurin-MLCK was cloned into the pRSET (Invitrogen Corp., Carlsbad, CA) expression vector and the protein expressed in the E. coli strain BL21(DE3)pLysS. Induction of expression was carried out at 37°C using 0.1 M isopropyl-B-D-thiogalactopyranoside (IPTG). Cells were harvested 5 hr after induction of expression. Expressed protein was purified and dialysed according to Xpress system protein purification protocol (Invitrogen Inc.). The protein was isolated under denaturing conditions and purified using ProBond resin (Invitrogen Inc.). The eluted protein was dialyzed against 10 mM tris, pH 8.0, 0.1% Triton-X-100 overnight at 4°C to remove urea. The purified protein was supplied to Bethyl Laboratories (Montgomery, TX) for production of polyclonal rabbit antisera. Antibody purification was performed with protein A column (Pierce Inc.) following the manufacturer's instructions.
Obscurin-Rho antibody.
The Rho antibody was prepared by inserting a 780-bp cDNA fragment encompassing the RhoGEF domain of the human obscurin-MLCK gene into pR-SET vector. Polyclonal antiserum was produced in rabbits using Tris-HCl gel purified protein (Harlan Bioproducts for Science Inc., Indiannapolis, IN). To affinity purify the Rho antibody, bacterial lysates expressing Rho were loaded onto a Tris-HCl gel and transferred to nitrocellulose. Ponceau stain was used to visualize the Rho band, which was cut out and washed. Poorly bound protein was removed with 100 mM glycine, pH 2.5. The nitrocellulose strip was washed and blocked with 3% bovine serum albumin. Rho polyclonal antiserum was incubated with the strip overnight, and bound antibody was eluted with glycine.
Characterization of the Ank and 4A8 antibodies was described previously by Kontrogianni-Konstantopoulos et al. (2003 , respectively.
Wholemount Immunostaining
Embryos were fixed for 6 hr with 4% paraformaldehyde. Single labeling was carried out using Vectastain ABC Elite kit (Vector Laboratories, Burlingame, CA) and the staining was revealed with DAB. The following dilutions were used for single staining. MF20 (Developmental Hybridoma Bank, University of Iowa) 1:1, obscurin-Rho 1:2, link7 1:10. Leica MZ-FLIII dissecting microscope and Nikon microphot-SA compound microscope were used to visualize embryos. For dual labeling, ␣-actinin (Sigma Inc.) (dilution 1:20) in combination with a polyclonal antibody (obscurin-Rho, 1:2; link7, 1:3; obscurin-Ank, 1:10) were used. FITC-conjugated goat antimouse IgG and Texas Red-conjugated Goat Anti-Rabbit IgG (Jackson ImmunoResearch Laboratories) were diluted to 1:100 to reveal staining. For the MF20 antibody, TRITC-conjugated goat anti-mouse IgG (1:100) was used as a secondary antibody. Embryos were mounted onto slides using ProLong Gold Antifade Reagent (Molecular Probes) and visualized on an Olympus FV-500 confocal microscope.
Electron Microscopy
Embryos at 72 hpf were fixed with 2.5% glutaraldehyde and 2.0% paraformaldehyde in 0.1M Sorenson's buffer for overnight. The embryos were rinsed twice for 15 min in the buffer and post fixed for 1 hr in 1% osmium tetroxide in the same buffer. After two 10-min washes with ddiH 2 O, they were stained en bloc with saturated uranyl acetate for 30 min. They were then dehydrated with a graded series of ethanol, cleared with propylene oxide, and embedded in Epon 812. Ultra-thin sections were cut on Ultracut E ultramicrotome (Reichert-Jung, Vienna, Austria) and stained with saturated uranyl acetate and lead citrate. The sections were examined with a Philips CM100 transmission electron microscope, at an accelerating voltage of 60 kV. Frequency of myofibril misalignment was scored based on EM images from CMO2-(6-ng injection; Nϭ3) and MO2-injected (3-and 6-ng injections; Nϭ2 each) embryos. A minimum of 30 adjacent myofibrils were scored for each. Adjacent myofibrils within a given skeletal myocyte from a mid-tail somite were determined to be misaligned if the corresponding M and Z bands did not align correctly and the T tubules were not intact.
